A hallmark of soluble globular protein tertiary structure is a hydrophobic core and a protein exterior populated predominantly by hydrophilic residues. Recent hydrophobic moment profiling of the spatial distribution of 30 globular proteins of diverse size and structure had revealed features of this distribution that were comparable. Analogous profiling of the hydrophobicity distribution of the ␣-helical buried bundles of several transmembrane proteins, as the lipid/protein interface is approached from within the bilayer, reveals spatial hydrophobicity profiles that contrast with those obtained for the soluble proteins. The calculations, which enable relative changes of hydrophobicity to be simply identified over the entire spatial extent of the multimer within the lipid bilayer, show the accumulated zero-order moments of the bundles to be mainly inverted with respect to that found for the soluble proteins. This indicates a statistical increase in the average residue hydrophobic content as the lipid bilayer is approached. This result differs from that of a relatively recent calculation and qualitatively agrees with earlier calculations involving lipid exposed and buried residues of the ␣-helices of transmembrane proteins. Spatial profiling, over the entire spatial extent of the multimer with scaled values of residue hydrophobicity, provides information that is not available from calculations using lipid exposure alone.
The distribution of residue hydrophobicity from protein interior to exterior has been a subject of continued interest. The identification of the hydrophobic core of soluble globular proteins (Kauzmann 1959; Perutz et al. 1965; Meirovitch and Scheraga 1981; Kytte and Doolittle 1982) has provided a key feature relating an amino acid attribute to tertiary protein structure. Furthermore, a detailed relationship between the hydrophobic character of a local sequence of amino acids and variations of its proximity to the protein exterior has been described (Rose 1978; Rose and Roy 1980; Kidera et al. 1985) . The spatial segregation of residues, dependent on amino acid hydrophobicity, has also assisted with validating predicted native protein structures (Novotny et al. 1988; Holm and Sander 1992; Huang et al. 1995; Bonneau et al. 2001) , as well as with identifying the origin of nucleation sites during the initiation of protein folding (Lee and Shin 2001; Zagrovic et al. 2001; .
Although there has been a general consensus of opinion concerning the overall hydrophobic spatial distribution of the residues of soluble proteins, opinion concerning the hydrophobic distribution of the residues of transmembrane protein structures has had a more varied history. Early work (Engelman and Zaccai 1980) had indicated that bacteriorhodopsin was an inside-out protein. The term "inside-out" referred to a reversed sense of the hydrophobic distribution within the lipid bilayer from that of soluble globular proteins, namely, that the interior was composed of hydrophilic residues and the exterior of hydrophobic residues. Apparently the inside-out model of membrane protein structure is no longer accepted (White and Wimley 1999; Rees and Eisenberg 2000) . Notwithstanding, a relatively recent calculation (Stevens and Arkin 1999) that uses solvent-lipid accessibility, as have prior investigations (Rees et al. 1989; Wallin et al. 1997) , and purports to discredit the "insideout" hypothesis, actually attempts to discredit a more general hypothesis, namely, that residues of greater hydrophobic character have a statistical preference to reside nearer the protein-lipid interface. This latter hypothesis is independent of the residue character of the protein interior, being a statement of variations about the mean or average residue hydrophobicity of the distribution, whatever that distribution might be.
Motivated by this, the present paper investigates the distribution of residue hydrophobicity of several transmembrane proteins from a different point of view. The direct spatial profiling of the residue distribution of the multimeric protein structures is performed without reference to residue solvent-lipid accessibility. Profiling in this manner also enables a determination of the spatial distribution of hydrophobicity within the interior of the structure, where the residue solvent-lipid exposure either vanishes or is minimal. Spatial profiling across the extent of a protein structure, from interior to exterior, has been performed previously (Meirovitch and Scheraga 1981) .
A recent calculation (Silverman 2001) had examined the spatial distribution of the residue hydrophobicity of soluble globular proteins. It was shown that shifting the scale of residue hydrophobicity, such that the total residue hydrophobicity of each structure vanished, enabled variations of the spatial distribution of residue hydrophobicity about the mean of the distribution to be simply identified. It also enabled a comparison to be made between the hydrophobicity distributions of different proteins over their different length scales. Such procedure is, therefore, appropriate for examining spatial variations of the hydrophobic content of the residues of transmembrane proteins. It not only addresses the question of the hydrophobic statistical preference of residues directly, but also provides information over the entire multimeric extent, not only in the region proximate to the protein-lipid interface.
The hydrophobicity profiles of globular proteins had revealed two spatial regions delineating the hydrophobic core and hydrophilic exterior. The profiles of the multimers comprised of transmembrane ␣-helices, although mainly inverted with respect to the profiles of the globular proteins, do not always exhibit such uniform delineation. The spatial profiling of structures about the normal to the plane of the lipid bilayer yields features related to structural details within the interior of the helical bundle as well as features related to exterior local structural details that are not characteristic of the entire protein-lipid periphery. On the other hand, the major fraction of residues that are proximate to the protein-lipid interface for all of the ␣-helical structures investigated will be shown to exhibit a statistical increase in residue hydrophobic content as the interface is approached. The results, therefore, qualitatively agree with previous calculations involving surface-exposed and buried residues (Rees et al. 1989; Wallin et al. 1997) . This increase in residue hydrophobic content, as the protein-lipid interface is approached is, however, more modest than the converse variation observed for the soluble globular proteins.
Materials and methods
Eleven transmembrane protein structures with an SCOP (Murzin et al. 1995 ) "membrane all-␣fold" classification were downloaded from the Protein Data Bank (Berman et al. 2000) . The light-driven ion pump, bacteriorhodopsin, 1C3W (Luecke et al. 1999) , and the photosynthetic reaction center, Rhodobacter sphaeroides 1PCR (Ermler et al. 1994) , were chosen because they had been the subject of previous discussion (Engelman and Zaccai 1980; Rees at al. 1989) focused on their spatial distribution of apolar and polar residues. Three of the structures were chosen because of their symmetric, as well as diverse multimeric geometries. The gated mechanosensitive ion channel from Mycobacterium tuberculosis, 1MSL (Chang et al. 1998) , was chosen because of its interestingly entwined multimeric cylindrical symmetry with helices that are canted significantly with respect to the surface of the lipid bilayer. The subunit C of the ATP synthase from Escherichia coli, 1C17 (Rastogi and Girvin 1999), was chosen because of its cylindrically symmetric set of helices approximately perpendicular to the lipid bilayer. The potassium ion channel from Streptomyces lividans, 1K4D (Y. , was chosen because of the overall conical geometry of its membranespanning segment.
Six structures lacking symmetry about an axis normal to the plane of the bilayer were additionally chosen (recommended by one reviewer). The six are the cytochrome-C oxidase, 1EHK (Soulimane et al. 2000) ; the Aqp1 water channel, 1J4N (Sui et al. 2001) ; the bacterial Abc transporter, 1L7V (Locher et al. 2002) ; E. coli quinol-fumarate reductase, 1KF6 (Iverson et al. 2002) ; the cytochrome Bc1 complex, 1BE3 (Iwata et al. 1998) ; and the photosynthetic reaction center: Photosystem I, 1JB0 (Jordan et al. 2001) .
Prior to calculation, residues presumed to be external to the membrane were removed. These residues were identified by hydrophobicity sliding-window analysis (Kytte and Doolittle 1982) and by visual inspection. The final truncated protein structures were composed of a majority of ␣-helices with five turns or greater. Figure 1 shows the truncated structure of the seven helices of bacteriorhodopsin after residue elimination. The largest structure, the photosynthetic reaction center 1JB0, contained 31 truncated helices.
The centroid of each residue side chain of the truncated structure is calculated, and the geometric center of the distribution of residue centroids is obtained. The shape of a profiling geometry is then chosen, and the hydrophobicity profile is calculated about the axis through the geometric center and normal to the plane of the membrane. For the structures exhibiting symmetry about the profiling axis, namely, 1C3W, 1C17, 1MSL, and 1K4D, the choice of the profiling geometry was chosen to approximate the overall external shape of the multimer within the lipid bilayer, and a series of nested shapes consistent with this geometry was generated. This choice of nested shapes provides contours about the profiling axis that correlate with the lipid exposure for residues proximate to the protein-lipid boundary.
For the structures with no symmetry about the profiling axis, an elliptical cylinder was chosen for profiling. At the greatest distances from the profiling axis, averages with ellipses over an irregular distribution of protein centroids will have contributions from local regions that are most distant from the profiling axis. This contrasts with the averages over the symmetric structures, where at large distances from the profiling axis, symmetrically related features that are not spatially contiguous are included in the average. Certain consequences of averaging over the structures lacking symmetry are discussed below.
Results are obtained for the Eisenberg (Eisenberg et al. 1982) and for the GES (Engelman et al. 1986 ) scales of residue hydrophobicity. The GES scale was chosen because it had been used in the previous calculation (Stevens and Arkin 1999) alluded to. Although these two particular scales have been used, the overall qualitative features to be described would be relatively insensitive to the choice of any scale that would similarly segregate the amino acid values of hydrophobicity into apolar, polar uncharged, and polar charged residues. The scales are shifted to provide a value of zero hydrophobicity when all residues of each truncated structure are collected. The shifted values are also scaled to provide a standard deviation of unity for each structure. Because the average value of residue hydrophobicity of the entire structure is then zero, this shift of the scale enables a simple interpretation of the changes in the accumulated values of residue hydrophobicity with increasing distance from the protein interior. If the value increases with increasing distance from the interior, residues of greater hydrophobic content than the average of the entire structure have been collected. If the value decreases with increasing distance from the interior, residues of lesser hydrophobic content have been collected. Shifting the scale of residue hydrophobicity in this manner then provides a baseline for comparison of changes in the spatial distribution of residue hydrophobicity of the truncated structures. It enables concise quantitative statements of the spatial changes in residue hydrophobicity that are independent of the overall hydrophobic content of the structures as well as enabling a comparison of these changes over the spatial extent of different structures.
With the choice of a profiling geometry the values of residue hydrophobicity are then accumulated as a function of increasing size of each nested shape of the profiling geometry until the largest shape encapsulates all of the residues. The accumulated spatial distribution of residue hydrophobicity, or accumulated zero-order moment profile, is given by the function H
(d). H(d)
is the sum of the values of residue hydrophobicity within the circular, elliptical, or conical cylinder of radius d (Silverman 2001) .
The h i Ј are the shifted and scaled values of hydrophobicity of the i-th residue. The hydrophobicity profile is obtained by calculating the values of H(d) in steps of either 1 or more angstroms. As previously noted, the changes in H(d) are interpreted simply for each increasing value of d. If H(d) increases, the average hydrophobic value of the residues collected over the shell of width 1 or more angstroms is greater than the average value of residue hydrophobicity for the entire structure. If H(d) decreases, residues of less than average hydrophobic value have been collected. Any subsequent comment made with regard to increasing or decreasing hydrophobic residue content is then made with respect to the average value of residue hydrophobicity of the entire structure.
Collecting the values of residue hydrophobicity in this manner provides a set of sequential values of accumulated residue hydrophobicity with increasing distance from the center of the structure to the protein-lipid interface within the bilayer. These values are a zero-order moment profile of the residue hydrophobicity from the interior to the exterior of the structure. Such profiles had been previously obtained for 30 soluble globular proteins (Silverman 2001) . A second-order moment, which had been used to amplify the distance dependence of the hydrophobicity distribution, and had provided the quasi-invariant hydrophobic ratio of distances for soluble globular proteins, is not used in the present analysis.
Results
Figures 2, 3, and 5-13 below graphically illustrate the hydrophobicity profiles H(d) for the structures and the distribution of residue centroids with elliptical or circular boundaries that delimit regions of contrasting behavior. The shapes are mainly inverted with respect to the shapes obtained for the 30 soluble globular proteins previously investigated. The interior regions exhibit diverse behavior, either populated, on average, by residues of greater than, roughly equal to, or of lesser hydrophobic content than the average of the entire structure. All of the profiles display an intermediate spatial region of decreasing hydrophobic content. At the most distant values from the interior, the majority of the profiles increase, on average, with increasing distance. The few profiles that do not, namely, profiles of the structures 1KF6, 1BE3, and 1JB0, reflect averages over local regions of the interface and not averages over a major portion of the interface. The average over the major fraction of the interface near the protein-lipid boundary shows a statistical increase in residue hydrophobic content with decreasing distance to the protein-lipid interface for all 11 structures.
Profile features will be related to the structural features of the ␣-helical bundles for the structures exhibiting symmetry. Bacteriorhodopsin (1C3W) has been profiled with a series of nested cylinders of varying radii. Figure 2A is a view along the C3 symmetry axis that lies close to the perpendicular to the plane of the membrane. The distribution of residue centroids is shown along with three cylindrical circular cross-sections of different radii. The largest cylinder with a radius of 29 Å encloses all residue centroids. Figure 2B is a view that is canted by 80°from this axis. Three circular cross-sections of the largest cylinder are shown in Figure 2B . range of distances spans the range between the two inner circles of Figure 2A , which delineate the region between the inner and outer nested bundles of ␣-helices. In this region are the water-bound molecules, the retinal Schiff bases, and three arginine, lysine, and aspartic acid residues. From 24 Å to final residue accumulation at 29 Å there is an increase in the number of hydrophobic residues collected, which include 30 leucine and valine residues. Figure 3A shows the truncated residue centroid distribution of 1C17 with a view along the normal to the plane of the membrane. The truncated helices of all 12 chains are approximately perpendicular to the plane of the membrane. The slight deviation from cylindrical symmetry is partially accounted for by the presence of the M chain. This chain, which is adjacent to the helical bundle with approximate cylindrical symmetry, has been deleted in the present calculation. Because the truncated structure exhibits approximate cylindrical symmetry, profiling has been performed with a cylinder of elliptical cross-section. The largest ellipse shown in Figure 3A , enclosing all residue centroids, has a major principal axis of 35 Å. The hydrophobicity profiles, Figure 3 , C and D, have shapes qualitatively similar to bacteriorhodopsin. The profiles show an initial increase in hydrophobicity after collection of the first three residues at 14 Å. Between the range of values from 17 to 24 Å there is a significant reduction in the hydrophobic content of the residues collected. This is the range of distances between the two inner ellipses of Figure 3A , and is the range of distances between the inner and outer sets of nested helices. The final region of residue accumulation, between the values of 24 and 35 Å, displays an increase in hydrophobic residue content as the protein-lipid interface from within the bilayer is approached.
Of the 11, 1C3W and 1C17 are the only structures with approximate cylindrical symmetry and with helical axes lying near the normal to the lipid bilayer. Profiles about the cylindrical axes with such orientation will reflect the demarcation between ␣-helical nested structures differently from helices that are canted with respect to the bilayer surface. Might a region of decreasing hydrophobic content be a general feature of the residue distribution between the nested ␣-helical bundles of transmembrane proteins? Figure 4 is a view of the helices of the truncated mechanosensitive ion channel, 1MSL, along the normal to the membrane surface. Like bacteriorhodopsin, there are sets of interior and exterior helices, which are canted, however, with respect to the membrane surface. A view along the normal to the surface of the bilayer of the distribution of residue centroids, Figure 5A , reveals a region of separation between the centroids of the interior and exterior helices. This region, 10-15 Å, is between the two inner circles shown in the figure. residue hydrophobic content with increasing distance within this region, which is similar to that observed for 1C3W and1C17. The prominent increase in hydrophobic content over the range of interior distances is, however, not observed. With increasing radial distance in the region of the multimer proximate to the protein-lipid interface, one observes increasing residue hydrophobic content.
Because the truncated transmembrane protein structure of the potassium ion channel, 1K4D, has an overall conical shape, a cone has been chosen as the profiling geometry. The pitch of the cone is chosen visually to register closely with the exterior distribution of residue centroid locations. As had been mentioned, the nested conical contours will correlate with lipid exposure for residues that are near the protein-lipid boundary. The protein has fourfold symmetry about the normal to the membrane surface, and the cone is created with varying spherical cross-sections along the conical axis. Figure 6B is a view of the distribution of centroids along a direction tilted by 80°from the normal to the membrane surface. The circles of varying radii delineate the cone just large enough to enclose all of the residue centroids. Figure 6A is a view along the normal to the membrane surface. The set of circular cross-sections shown differs from previous sets shown because cross-sections for only one profiling conical geometry have been displayed. The different circles delineate the different conical cross-sections of the cone that just enclose all of the centroids. a function of the radius d. d is the radius of the smallest circular cross-section of each of the cones of the nested set of conical structures. The significant drop in hydrophobic content between 10 and 11 Å is caused by the collection of four arginine residues. Both residue hydrophobicity scales yield an inverted profile with respect to that found for the 30 globular soluble proteins. This, again, indicates that residues nearer to the protein-lipid interface have increased hydrophobic character with respect to the interior residues.
As the profiling geometry increases in extent over the structures lacking symmetry, it sweeps out spatial regions within nested ellipsoids that bear little or no structural resemblance to each other. Consequently, a detailed description of the correspondence between profile features and structural features would be extensive and will not be provided. Profiles of these structures, Figures 7-13 , are mainly inverted with respect to that found for the soluble proteins. There are, however, certain features that require examination. Attention is focused on the three structures showing little change or a decrease in hydrophobic content at the farthest distances from the interior. These are the structures 1K6, 1BE3, and 1JB0 (Figs. 11-13 ). These particular profile features are not representative of residue accumulation along the major fraction of the periphery of the protein-lipid interface.
The truncated helical bundle 1KF6 in the range of 19 Å to complete residue collection at 23 Å (Fig. 11A) collects only a few residues at two different spatial locations. These residues have, on average, a hydrophobic content comparable to the average hydrophobicity of the entire multimer. The residues collected in the range of values from 15 to 19 Å are greater in number and span the major fraction of the protein-lipid interface. Over this range of distances the hydrophobic residue content, on average, increases as the interface is approached.
The profiles of the 1BE3 multimer, the solid lines in Figure 12 , C and D, show a decrease in hydrophobic content over a range of distances, 26 Å to complete residue collection at 32 Å. This behavior is a consequence of the residues of the helical D chain having an average value of hydrophobicity that is less than that of the entire multimer. Profiling the structure with deletion of the D chain yields the dashed profiles shown in the figures. The major fraction of the periphery of the multimer then shows increasing hydrophobic content as the interface with the lipid is approached.
The profiles (Fig. 13C,D) of the multimer 1JB0, the most structurally complex structure examined, with multiple chains, show a narrow range of decreasing hydrophobic content with distance close to the lipid interface. This range of distances is illustrated in Figure 13A . It is the narrow range of distances between the two closest ellipses. Aver- ages over this range of distances arise from accumulation over several different local regions near the interface. The decrease in hydrophobic content at a distance of 56 Å is caused by the collection of one arginine and one lysine residue in different local regions. Both residues are not only near the protein-lipid interface within the bilayer but in the vicinity of the bilayer surface as well. From 56 Å to final residue collection at 62 Å, there is an increase in hydrophobic content. Differences in the profiles in this narrow spatial region dependent on windowing size and the choice of the hydrophobicity scale should also be noted.
The profiles of 1BE3 and 1JB0 emphasize that the distribution of residue hydrophobicity exhibits variations not only in an inside-outside or radial direction but in an angular direction as well, near to and along the periphery of the protein-lipid interface. Such variations can be investigated by profiling along the protein-lipid periphery. As has been seen, local regions in the vicinity of the protein-lipid interface may be of lesser hydrophobic content than the multimeric average. It is of interest that so few such variations have been seen in the 11 structures examined. Finally, when profiling a complex structure with multiple helical chains, the baseline for comparison is important, for example, which of the chains are to be chosen to provide the reference value of hydrophobicity against which local variations are to be compared.
A statistical advantage of collecting the values of residue hydrophobicity within a profiling surface that increases in size involves a reduction in the fluctuations about the mean, compared with collecting the values of residue hydrophobicity within each shell bounded by adjacent nested profiling surfaces. The total residue hydrophobicity within each shell divided by the numbers of residues in the shell, calculated with increasing distance from the axial center of the profiling geometry, provides the residue hydrophobicity density (d) as a function of distance d from the center of the structure. Despite the fluctuations in value, this density is of interest. It is shown in Figure 14 for the four symmetric ␣-helical transmembrane bundles, over the larger half of the radial distances d from the cylindrical axis; the range of distances nearer the protein-lipid interface. One notes that on average, despite the fluctuations in value, the density of the four transmembrane structures exhibits increasing hydrophobic content as the protein-lipid interface is approached. The two lower right entries in the figure, for the soluble proteins 1AKZ and 3PBG, have been included to highlight the different behavior of these proteins. For these proteins, the hydrophobic content decreases as the proteinlipid interface is approached. These results obtained for 1AKZ and 3PBG are typical of the 30 soluble proteins previously profiled. As noted from the figure, however, the spatial decrease in the hydrophobic densities of the soluble proteins 1AKZ and 3PBG is more pronounced than the increase observed for the transmembrane structures. Comparing peak height amplitudes of the accumulated profiles of the soluble proteins with the amplitudes of the peak valleys of the ␣-helical structures generally highlights this more modest segregation of the residue hydrophobic content of the transmembrane bundles.
The terminology inside-out had been used previously in connection with a comparison between the spatial hydrophobicity distributions of transmembrane and soluble globular proteins. For the Eisenberg hydrophobicity scale (Eisenberg et al. 1982) , which is a consensus set of values that approximates the free energy of transfer of the side chain of the amino acid from water to an apolar environment, the average value per residue of 30 soluble globular proteins (Silverman 2001 ) is −0.13 kcal/mole. The average value per residue of the four symmetric transmembrane bundles is 0.27 kcal/mole. The difference between these two values is comparable to the difference between the values of threonine and alanine on this scale. In the present paper, differences about the mean value of hydrophobicity have been calculated for each of the structures. This requires a redistribution of the individual values of residue hydrophobicity for each structure, a result achieved by scaling the values of residue hydrophobicity such that the net hydrophobicity of each structure vanished. of opposite sign, within the blank spaces. These are the values that yield what might be called an inside-out distribution of the hydrophobic density of the four symmetric transmembrane bundles relative to the soluble proteins 1AKZ and 3PBG. They are a measure of differences about averages, with averages that are very different. The distributions are not inside-out in the traditional sense in which each residue is considered to have a fixed polar or apolar identity.
Discussion
The present paper has examined the spatial distribution of transmembrane residue hydrophobicity from a perspective that is different from the point of view of previous calculations. The spatial profile is obtained directly, without reference to solvent-lipid exposure. This provides a view of the variation of residue hydrophobicity from the interior to the exterior of the ␣-helical bundles buried within the surrounding lipid. Scaling the residue hydrophobicity for each multimer enables variations about the mean value of hydrophobicity over the spatial extent of the structure to be simply identified. This also enables a comparison of the profiles over the spatial extent of different structures with average values of hydrophobicity that are different. Such a procedure had previously identified comparable length scale features of the profiles of 30 soluble globular proteins of arbitrary structure and size. The profiles of the ␣-helical buried bundles, although exhibiting certain differences, exhibit a comparable length scale feature as well. This is the onset of the decrease in hydrophobic residue content at distances from the interior that are at roughly half the spatial extent of the bundle. Consequently, the profiles are mainly inverted with respect to the profiles of the soluble globular proteins. The region proximate to the protein-lipid interface, that had generated previous contention (Stevens and Arkin 1999; Rees and Eisenberg 2000; Stevens and Arkin 2000) , generally exhibits the increase in average residue hydrophobic content identified by previous calculations (Rees et al. 1989; Wallin et al. 1997) . The profiling of the structures lacking symmetry show that such increase need not occur in every local region proximate to the protein-lipid periphery.
